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A fiber-optic sensor based on surface-plasmon resonance for the determination of the refractive index is
used for measuring the degree of salinity of water. The transducing element consists of a multilayer
structure deposited on a side-polished monomode optical fiber. Measuring the attenuation of the power
transmitted by the fiber shows that a linear relation with the refractive index of the outer medium of the
structure is obtained. The system is characterized by use of a varying refractive index obtained with a
mixture of water and ethylene glycol. Experimental results show that the sensor can be used as a
salinity-degree measurement device with environmental applications. © 1999 Optical Society of
America
OCIS codes: 010.4450, 010.7340, 060.2370, 120.4630, 240.6680, 310.2790.r
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t1. Introduction
In recent years, fiber-optic sensors have experienced
rapid development, and their field of application has
been increased considerably.1 These devices are ex-
tremely versatile and provide nondestructive testing
while maintaining a high level of accuracy and a
relatively low cost. For these reasons, their use in
natural environments to control different parameters
of biological interest is nowadays quite extensive.
In many cases such wide use results from designing
integrated systems of several fiber-optic sensors that
can measure with different accuracies or dynamic
ranges a series of physical or chemical parameters.
A well-known type of fiber-optic sensor that has
been applied for above goal is based on surface-
plasmon resonance in thin metallic films deposited on
side-polished fibers.2 One of the parameters that
as been measured by use of this technique is the
efractive index of liquid media.3
In this paper we propose an application of these
refractive-index sensors to determine the degree of
salinity of water. This is a parameter of great bio-
logical and environmental interest, and its relation
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© 1999 Optical Society of Americawith the refractive index has been established empir-
ically. Traditionally, the salinity degree is deter-
mined by the measurement of conductivity, but an
optical measurement presents some advantages, not
only because of the good properties of fiber-optic sen-
sors but also because of the possibility of integration
in the above-mentioned systems of sensors.
The physical principle of the sensor is the attenu-
ation of the power guided by a fiber that results from
the excitation of surface plasmons in a multilayer
structure deposited on the fiber. Experimental re-
sults show that, by selection of the parameters of the
layers, the response of the transducer can be adjusted
so that linear behavior in the region of interest ~i.e., a
efractive index close to 1.33! is obtained. The sa-
inity degree is then determined with an empirical
lgorithm. The sensor is small, inexpensive, and
table and can be used potentially as an in situ real-
ime controller of the degree of salinity.
2. Theoretical Foundations
Surface plasmons in thin metallic layers can be ex-
cited by light that is guided by an optical fiber if the
fiber is side polished and the metallic layer is depos-
ited onto it, thus producing a coupling with the eva-
nescent field of the guided mode. This effect reduces
the power transmitted by the fiber, and this attenu-
ation is strongly dependent on the refractive index of
the external medium that is in contact with the me-
tallic layer. In this way any change in that index,
for instance, one produced by the presence of some
chemical component in that medium, induces a1 September 1999 y Vol. 38, No. 25 y APPLIED OPTICS 5267
5change in the power transmitted through the fiber
and can be measured.
Theoretical models4,5 have been proposed that are
based on the interaction of the modes that can be
guided by the structure of the plane layers and the
modes guided by the fiber. When a multilayer struc-
ture is deposited on the fiber an effective refractive
index for the whole structure that depends on the
thickness of the layers and their refractive indices
~including that of the external medium! is calculated.
Maximum coupling ~and minimum transmitted pow-
er! is predicted for a refractive-index value of the
external medium that makes the effective index of
the structure coincident with the effective propaga-
tion index of the mode guided by the fiber. The
sharpness of that minimum and its location depend
on the parameters of the structure. Some authors
have reported that these models do not respond ad-
equately to the phenomenology and a displacement of
the position of the minimum seems to appear system-
atically. Some modifications of the models have
been proposed for better adjustment to the experi-
mental results.3
It is important to add that the only polarization
mode of the fiber that can excite surface plasmons is
the transverse-magnetic mode ~the electric vector is
perpendicular to the layers!, so a strong dependence
of the attenuation on the polarization occurs. This
means that, in any practical application, polarization
must be controlled to achieve stable behavior.
3. Experimental Setup
For preparation of the transducers the procedure de-
picted by Alonso et al.3 was used. Layers are depos-
ited by thermal evaporation under high-vacuum
conditions on a curved monomode fiber that has been
polished ~Fig. 1! until the cladding has a thickness of
some micrometers. A thin metallic layer is then de-
posited, and a slightly thicker dielectric film is super-
posed on it. Thus the external medium is not in
direct contact with the metallic layer. The presence
of the dielectric is important to permit an adjustment
of the dynamic range of the sensor by displacement of
the location of the minimum of the transmitted
power.
We used aluminum for the metallic layer, and we
tested two different layer thicknesses: 8 and 12 nm.
This layer thickness also determines the dynamic
range, and we proved that the 8-nm layer thickness is
best suited for our application ~with refractive indices
Fig. 1. Schematic of the sensing device. A fiber is polished, and
a multilayer structure is deposited near the core.268 APPLIED OPTICS y Vol. 38, No. 25 y 1 September 1999of the external medium close to 1.33!. The dielectric
material was TiO2, and the tested thicknesses were
54 and 56 nm. The best results were obtained with
the latter thickness.
The experimental setup used for both characteriza-
tion of the sensor and salinity measurements is
shown in Fig. 2. Light is provided by a commercial
laser diode with a wavelength of 780 nm. The laser
is pigtailed into a silica monomode optical fiber that
is connected to the fiber that contains the transducer.
This fiber ~3M Company, Model FS-SN 4224! is
monomode at 820 nm, and its core has a diameter of
4.7 mm. A polarization controller is introduced be-
tween the source and the transducer to ensure that
the polarization of the light incident upon the trans-
ducer is in the transverse-magnetic mode. The out-
put power of the laser is monitored. Light exiting
the fiber is detected by a silicon photodiode ~Hewlett-
Packard, Model HP 8152A Optical Average Power
Meter!. Also, the temperature is determined during
the measurement because a significant dependence of
the refractive index on the temperature exists.
4. Characterization
To characterize the sensor, we used a mixture of dis-
tilled water and chemically pure ethylene glycol.
The refractive index of the mixture depends on the
concentration of ethylene glycol, according to the fol-
lowing empirical law6:
n~T! 5 nH2 O~T! 1 0.111
Veth
Vtot
, (1)
where n is the refractive index of the mixture, nH2O is
the refractive index of water, Veth is the volume of
ethylene glycol, and Vtot is the total volume of the
mixture. Both refractive indices depend on the tem-
perature, and this fact is taken into account in the
calculation. Ethylene glycol presents some advan-
tages for characterization, mainly because of the high
value of its refractive index, and provides a wide
range of refractive indices when its concentration is
varied. However, some difficulties arise when it has
Fig. 2. Experimental setup. PC, polarization controller; TE,
transducing element.
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fito be mixed with water, and efforts must be made to
obtain a homogeneous mixture. A magnetic stirrer
is used for that purpose.
We tested a range of refractive indices from 1.327
~pure water! to 1.41. This range is wider than the
region of interest for salinity measurements, but we
can, in this way, obtain a realistic picture of the be-
havior of the sensor outside of this region. This be-
havior is qualitatively, although not quantitatively,
predicted by the theoretical models outlined in Sec-
tion 2.
The results of the characterization are shown in
Figs. 3 and 4. In Fig. 3 the complete range of refrac-
tive indices is shown. Linear behavior is exhibited
in the region of interest and can be seen in detail in
Fig. 4. On the ordinate axis, we show the
normalized-output transmitted power. Values of
the transmitted power were divided by the maximum
obtained value and correspond to the power trans-
mitted by the system when the external medium has
a high refractive index. These results show that this
particular sensor is well suited for salinity measure-
ments because the refractive indices that can arise in
these measurements are close to 1.33, as we said in
Section 3.
5. Determination of the Degree of Salinity
The salinity degree S of water is a parameter that
measures the salt content of water in terms of the
concentration of chlorine ions. It is usually mea-
sured by the determination of the electrical conduc-
tivity. The range of degrees of salinity that we
Fig. 3. Characterization of the sensor. The normalized-output
transmitted power is plotted versus the refractive index of a mix-
ture of water and ethylene glycol.1measured extends from zero ~pure water! to 40‰ of
he concentration of chlorine ions. A standard value
or the salinity degree of sea water is 35‰.7
The empirical relation between the degree of salin-
ity of water and the refractive index is well estab-
lished. Several algorithms have been proposed in
the literature. Among them, we used that of Quan
and Fry8 ~see Appendix A!. With this algorithm, we
can, in principle, convert the degree of salinity into
the refractive index and vice versa. We must note,
however, that temperature is one of the parameters
present in the algorithm, so we must control it and
introduce it into the calculation. The variation from
zero to 40‰ of the degree of salinity is equivalent to
variation from 1.327 to 1.335 of the refractive index.
Experimentally, the salinity degree of water was
varied gradually by the addition of commercial arti-
ficial salt ~Aquarium System, Instant Ocean! to pure
ater in a controlled manner. The degree of salinity
f the mixture was measured continuously with a
onductivity meter ~Orion, Model 162!, so we can
easure the response of the system for a series of
alues of the salinity degree with an accuracy of
.1‰. We obtained a linear relation between the
egree of salinity of water and the response of the
ystem, as is shown in Fig. 5. The correlation coef-
cient is high enough ~typically, 0.999! to prove the
suitability of this procedure as a method for the de-
termination of the degree of salinity. For the graph
of Fig. 5, we made a temperature correction to permit
us to represent the pure dependence on salinity. De-
tails are given in Appendix A.
On the other hand, we can calculate, with the
above-mentioned algorithm, the values of the refrac-
tive indices that correspond to the different salinity
degrees and obtain a curve that relates the refractive
index of salt water to the transmitted power. The
results obtained are in good agreement with the char-
acterization depicted in Section 4. This agreement
Fig. 4. Detail of the curve of Fig. 3 showing the linear behavior of
the sensor within the range of refractive indices of interest for
salinity measurements.September 1999 y Vol. 38, No. 25 y APPLIED OPTICS 5269
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5shows that calibration of the sensor to the refractive
index is sufficient to permit salinity-degree measure-
ments. In principle, the curves in Fig. 5 show that
the accuracy of the system is high enough to provide
a salinity-degree determination to within 60.1‰,
which is the accuracy of the conductivity meter.
6. Conclusions
We have applied a refractive-index optical sensor
based on surface-plasmon excitation to the measure-
ment of the degree of salinity of water, proving in this
way the suitability of the device for that type of mea-
surement. The response is linear, the results are
repeatable, and the accuracy is adequately high.
The calibration of the device is simple, and any mix-
ture of liquids with variable refractive indices can be
used. The degree of salinity is obtained in an abso-
lute way, provided we know the response for any
reference, such as pure water. Although this paper
shows only preliminary results that prove the suit-
ability of our sensor, a comparison can be made with
commercial conductivity meters that shows that a
fiber-optics approach can be competitive with those
systems.
A fiber-optic sensor presents, as has been stated,
several advantages: It is as simple and as small as
a conductivity meter, it is inexpensive, and it pro-
vides nondestructive measurements. Its main at-
tractions are that the use of fiber-optics technology
permits the integration of a general-purpose measur-
ing system for monitoring seawater and that access to
difficult places can be made easier. Although at this
stage of development the reliability of the sensor is
not yet the same as that of a conductivity meter
~mainly because of problems of repeatability associ-
Fig. 5. Experimental results obtained for the degree of salinity.
The temperature correction, as explained in the text, was per-
formed. The reference temperature is 25 °C. A linear regression
curve was added.270 APPLIED OPTICS y Vol. 38, No. 25 y 1 September 1999ated with the stability of the source!, further devel-
opments can improve this aspect. The results
presented in this paper prove that this type of device
can, in principle, be used as the basis of an in situ
real-time controller of the degree of salinity in places
of interest ecologically.
Appendix A: Algorithm for the Determination of the
Degree of Salinity
To transform a refractive-index measuring sensor to
a salinity-degree sensor, we need a relation between
the magnitudes of both refractive index and salinity.
This was provided in a paper by Quan and Fry8 and
was based on extensive empirical results. The algo-
rithm is given by the following formula:
n~S, T, l! 5 1.31405 1 ~1.779 3 1024 2 1.05 3 1026T
1 1.6 3 1028T2!S 2 2.02 3 1026T2
1
15.868 1 0.01155S 2 0.00423T
l
2
4382
l2
1
1.1455 3 106
l3
, (A1)
where S is the salinity degree in thousandths T is the
temperature in degrees Celsius, and l is the wave-
length in nanometers.
It can be seen from Eq. ~A1! that the refractive
index appears to show dependence on several pa-
rameters that can vary during experiments. In
principle, we do not consider a variation of wave-
length because we are using a laser, but both the
degree of salinity and the temperature can vary.
Because we controlled both parameters during the
measurements, we performed a so-called tempera-
ture correction to represent the behavior of the sen-
sor. To control the response with the salinity
degree, we transformed the value of the degree of
salinity to the value that it should have for a con-
stant temperature of 25 °C to yield the same refrac-
tive index, according to Eq. ~A1!. This correction is
ade only to permit the representation ~where we
how only the dependence of the response of the
ensor on the variation of the degree of salinity! of
he sensor because it was difficult to achieve a
trictly constant temperature during the measure-
ents. However, realizing constant temperature
hould not be a problem with real measurements as
ong as we can control the temperature ~or, at least,
ssume that it is essentially constant! and simul-
aneously take the value of the temperature as an
nput to the algorithm.
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